This work is a case study of 905 households, to present methods for optimizing the capacity of photovoltaic sytems (PVs)/energy storage systems (ESSs) for household to reach a desired energy self-sufficiency (70% to 90%). In order to calculate the capacity of PV and ESSs that would enhance the energy self-sufficiency of families in rural areas, the solar radiance data of the target area for the last five years and the average monthly power usage in the previous year were collected. Then, households with an average energy consumption of 250 kWh per month were chosen for this research. According to the simulation done using Solar Pro, the optimized capacities of PVs and ESSs are 2.67 kW and 7.15 kW, respectively, in order to achieve 90% energy self-sufficiency. We visualized the change in the optimum capacity of PVs and ESSs for the desired energy self-sufficiency. This study would be the base work for forming a grid-distributed energy network system by expanding the system to a national scale. Keywords: convergence analysis; 90% energy self-sufficiency rate; load pattern of rural area; optimal household capacities of PVs and ESSs; maximum power demand per contract demand
Introduction
Currently, countries around the globe are developing policies to encourage people to harness power from various types of renewable energy sources to solve environmental problems caused by global warming, such as abnormal temperature rise [1] [2] [3] . Until now, these policies were only focused on the quantity of energy, but future policies will need to be focused on enhancing the stability of the generated power and methods to utilize it [4] . An energy storage system (ESS), which is connected to a grid to store energy during the absence of power generation, is crucial for addressing such problems [5] . Recently, ESSs using lithium-ion batteries (LIBs) have become popular, and are expected to be key in addressing issues such as sudden blackouts caused by unstable power supplies or for control of the power demand [6] [7] [8] [9] . In the case of reclaimed land and reservoirs that are suitable for large power generation (around 100 MW), there have been challenges in connecting the power generation facilities to the main power grid. Such cases have the advantage of increasing the economic feasibility and reducing costs. However, they still create with problems when installed in large-scale renewable energy systems, such as needing to get approval from residents, a lack of reliability of the quality of the generated energy, and the expansion of the blackout area.
To find an alternative solution for securing a stable energy system, the government and main power distributor changed their target to rural farming areas and energy self-sufficient households/towns. A system with an adequate capacity for photovoltaic system (PVs) and ESSs for household load patterns would become a microgrid renewable energy source that can handle following problems: difficulties in choosing a suitable place for generating renewable energy, environmental issues, difficulty in connecting to the power grid of the main power distributor, and a decrease in power quality due to climate change.
The government and main power distributor expect that an ideal distributed network will form between connected towns, which is an extended concept of a "prosumer" (producer and also consumer) that minimizes production and energy consumption losses to enhance energy self-sufficiency [10] [11] [12] [13] . Then, by analyzing the scale and power usage pattern of each house, an entire island can become a prosumer with energy self-sufficiency [14] . Various environmental conditions of the installation sites should be considered in order to accurately predict the output, which would lead to the optimization of the capacities of PVs/ESS [15, 16] .
An announcement was made by the government, declaring to supply and install 3-kW sized PV systems with an efficiency over 18% to 6700 households around the country in 2019 [17] , and by 2017, 220,000 households had already been supplied with a PV system. The price of PVs with 3 kW was set to about $5000, and for a system with less than a 2-kW capacity, the price was set to about $4000. This could show that installing PVs and ESSs on a bigger scale or in a group would be more favorable to minimize the unit cost of the system. If the cost of the main components of PVs and ESSs, such as the module, battery, and power conditioning systems (PCS), can be regulated, then a competitive energy source for households can be realized. A reduction in large-scale nuclear and thermal power generation, as intended by the government, will, in turn, be able to reduce the renewable energy certificate (REC), thus resulting in a minimization of the system marginal price (SMP) rise [18, 19] .
In this paper, a calculation and analysis method of the optimum capacities of PVs and ESSs for rural areas for various load usage patterns is presented. Load patterns and environmental data, such as the insolation of certain areas, were analyzed. Then, we visualized how the optimum capacity of the PVs and ESSs would change in different energy self-sufficiency from 70% to 93%, and obtained the relationship between the capacity of PVs and ESSs.
Data Collection from the Target Area

Area Data of Energy Self-Sufficient Households
The target town, which was designed to secure 90% energy self-sufficiency by minimizing power usage and the number of sunless days, consisted of approximately 70% farming and 30% fishing households. Out of a total of 905 households, 207 were fishing, 346 were farming, and 352 were sustained by both farming and fishing. Figure 1 shows detailed information about the 905 target households, such as the method of classifying them into five villages. "Building" indicates the number of households in the villages that installed PVs on the rooftop or at the side of the residential building. "Land" indicates the number of households in the villages that installed PVs in their yard or at other sites near their house because the residential building was too fragile to install PVs on it. "Forest/Farmland" indicates the number of PVs installed in households that live off farming, for example, PVs installed in barns. "Mobile" indicates the number of PVs installed in a mobile rack or frame so that they could be moved to places that consume power occasionally, such as a greenhouse. Table 1 depicts the average energy consumption of the 905 households for every month of 2017. The maximum value of energy consumption took place in August, showing 262 kWh, whereas the minimum value took place in March, showing 205 kWh. The total and average power usage of the 905 samples in 2017 were 2712 kWh and 226 kWh respectively. When compared with the average energy consumption of a metropolitan area, which is around 1000 kWh, the number is quite low. This is because the characteristics of the people living in rural areas-such as the size of a family, which generally does not exceed three, and that people in rural areas tend to avoid owning and using electrical devices-show very few activities after sunset, resulting in a very small power consumption for lighting purposes. Table 1 depicts the average energy consumption of the 905 households for every month of 2017. The maximum value of energy consumption took place in August, showing 262 kWh, whereas the minimum value took place in March, showing 205 kWh. The total and average power usage of the 905 samples in 2017 were 2712 kWh and 226 kWh respectively. When compared with the average energy consumption of a metropolitan area, which is around 1000 kWh, the number is quite low. This is because the characteristics of the people living in rural areas-such as the size of a family, which generally does not exceed three, and that people in rural areas tend to avoid owning and using electrical devices-show very few activities after sunset, resulting in a very small power consumption for lighting purposes. January  55  489~130  144  232  February  88  249  179  107  236  March  44  162  135  103  205  April  66  148  142  117  222  May  207  184  137  114  216  June  77  254  149  127  213  July  78  349  158  186  230  August  97  428  165  198  262  September  76  400  130  151  220  October  103  246  142  116  225  November  43  368  149  115  225  December  45  315  158  121  226  Total  979  3592  1.774  1599  2712  Table 2 and Figure 2 show the proportion of energy usage of the 905 target households. Out of the 905 households, 304 (33.59%) had an average energy usage between 200 and 300 kWh in 2017, which was the biggest portion of the whole samples. Households using less than 100 kWh accounted for only 1.66%, and those using over 700 kWh were only 0.22%, which made them the minority cases. Table 2 and Figure 2 show the proportion of energy usage of the 905 target households. Out of the 905 households, 304 (33.59%) had an average energy usage between 200 and 300 kWh in 2017, which was the biggest portion of the whole samples. Households using less than 100 kWh accounted for only 1.66%, and those using over 700 kWh were only 0.22%, which made them the minority cases. Figure 3 was made by overlapping the estimated solar power generated by 3-kW PVs in a day (green line), and the hourly power usage pattern of households using an average of 250 kWh in a month (blue line). The overlapped area (purple) indicates the counter-traded power to help illustrate how installing PVs could affect enhancing energy self-sufficiency. Counter-traded power is calculated by subtracting the power generated by PVs from the power consumed during the same time period. This way, users can see how much electricity charge could be saved by installing PVs. Assuming that households have the same power usage pattern, the hourly power usage patterns could be predicted for cases where PVs are not installed [20] . If the load pattern of the household can be altered so that more power usage could be placed within the generating time of the PVs, then the portion for counter-traded energy would rise by over 61%, as shown in Figure 3 , resulting in improved economic feasibility. Therefore, in this work, counter-traded power was taken into account when selecting the adequate capacity of the ESS. Minimizing the capacity of the ESS is crucial for decreasing the initial construction costs and increasing economic feasibility. Modifying the daily load pattern of the households to be placed within the generation time of the PVs will result in a rise of counter-traded power to over 61%, and help with deciding the economically suitable capacities of the ESS. Figure 3 was made by overlapping the estimated solar power generated by 3-kW PVs in a day (green line), and the hourly power usage pattern of households using an average of 250 kWh in a month (blue line). The overlapped area (purple) indicates the counter-traded power to help illustrate how installing PVs could affect enhancing energy self-sufficiency. Counter-traded power is calculated by subtracting the power generated by PVs from the power consumed during the same time period. This way, users can see how much electricity charge could be saved by installing PVs. Assuming that households have the same power usage pattern, the hourly power usage patterns could be predicted for cases where PVs are not installed [20] . If the load pattern of the household can be altered so that more power usage could be placed within the generating time of the PVs, then the portion for counter-traded energy would rise by over 61%, as shown in Figure 3 , resulting in improved economic feasibility. Therefore, in this work, counter-traded power was taken into account when selecting the adequate capacity of the ESS. Minimizing the capacity of the ESS is crucial for decreasing the initial construction costs and increasing economic feasibility. Modifying the daily load pattern of the households to be placed within the generation time of the PVs will result in a rise of counter-traded power to over 61%, and help with deciding the economically suitable capacities of the ESS. The load patterns of certain rural farming household areas were analyzed. The data concerning the insolation of the target area for the last five years and the monthly average power usage of the households in the previous year were collected. Once the PV module and inverter were selected, then, with the simulations from the SolarPro Program and/or modeling method [21] , the average power generation per day could be calculated with different environmental conditions. By combining these data with the application and correlation coefficient between the PVs and ESSs, the optimized capacities of the PVs and ESSs can be derived [22] . Figure 4 shows the procedure for optimizing the capacity of the ESS, using Equations (1)-(5), by considering the load pattern of a rural area. Table 3 shows the amount of power generated by the 3 kW PVs per day for each month in 2017. When eight years of data for the same target area (2009-2016) were analyzed, the average number of generating hours showed 3.56 h. The average generation efficiency is a percentage of the generation hour when 3.56 h was set as 100%. When the power generation efficiency exceeded 100%, it could cause errors in deciding the optimum capacity of the ESS. Therefore, for those months when the generating efficiencies were over 100%, the upper limit was regulated to 100%. The load patterns of certain rural farming household areas were analyzed. The data concerning the insolation of the target area for the last five years and the monthly average power usage of the households in the previous year were collected. Once the PV module and inverter were selected, then, with the simulations from the SolarPro Program and/or modeling method [21] , the average power generation per day could be calculated with different environmental conditions. By combining these data with the application and correlation coefficient between the PVs and ESSs, the optimized capacities of the PVs and ESSs can be derived [22] . Figure 4 shows the procedure for optimizing the capacity of the ESS, using Equations (1)-(5), by considering the load pattern of a rural area. Table 3 shows the amount of power generated by the 3 kW PVs per day for each month in 2017. When eight years of data for the same target area (2009-2016) were analyzed, the average number of generating hours showed 3.56 h. The average generation efficiency is a percentage of the generation hour when 3.56 h was set as 100%. When the power generation efficiency exceeded 100%, it could cause errors in deciding the optimum capacity of the ESS. Therefore, for those months when the generating efficiencies were over 100%, the upper limit was regulated to 100%. 
Study of the Monthly Average Energy Use of 905 Households
Examination on Counter-Traded Power for Households Using an Average of 250 kWh in a Month
Calculation Method for the Optimized Capacity of the PV and ESSs with 90% Energy Self-Sufficiency
Calculation Method for Optimized PVs Capacity
• PV Eo = Optimized capacity of PVs considering the charge/discharge losses • E CL = Energy loss in charging ESS • E DL = Energy loss in discharging ESS The factors presented above were calculated so that the errors in optimizing the capacity of the ESS would be minimized. The values for each factor were calculated by analyzing data of the target area for eight years. The following equation used to set the energy self-sufficiency of the target household as 90%.
Calculation Method for Optimized ESS Capacity
E 0 = PV E0 × H AS P L × E DOD × E SOC − 0.61D AWh (kWh) (3) • E O = Optimized
Calculation of Generation Time for Energy Self-Sufficiency of 90% with PVs and ESSs
A p = ((80 + 100)/2) × 12) − (100 × 5) 1116.19 − (100 × 5) = 580 616. 19 = 0.9412651 (5) As shown in Table 4 , for those months when the self-sufficiency was over 100%, the values were limited to 100%. Under this condition, by using the derived application coefficient, a 90% energy self-sufficiency could be verified. In the case of households that used an average of 250 kWh per month in the last year, the energy self-sufficiency increased from 73% to 93%, and the optimized capacity of the PVs increased from 1.65 to 2.82 kW, which is an approximately 71% rise. For households with 350 and 450 kWh energy usages, the capacities of the PV facilities increased from 2.32 to 3.95 kW, and 2.98 to 5.28 kW, respectively. Both cases showed an approximately 70% rise in PVs capacity, as presented in Figure 5 . According to the results of the research and the simulations, when the energy self-sufficiency of a household exceeds 93%, errors are inevitable; therefore, the optimum capacity of the PVs and ESSs must be selected in the limited condition of a below 93% energy self-sufficiency. As shown in Figure  5 , the optimum capacity of the ESS for a household using 250 kWh per month is approximately 7.15 kWh, and does not change, as the energy self-sufficiency varies between 70% and 90%. For households with an average power usage of 350 and 450 kWh, the optimum capacities of the ESS are 10.01 and 12.87 kWh, respectively. When energy self-sufficiency is set between 70% and 100%, hourly increases are generated as the capacity of the PVs decreases, resulting in a steady value for the capacity of the ESS. With Equations (1-3) used to derive the optimum capacities of the PVs and ESS, According to the results of the research and the simulations, when the energy self-sufficiency of a household exceeds 93%, errors are inevitable; therefore, the optimum capacity of the PVs and ESSs must be selected in the limited condition of a below 93% energy self-sufficiency. As shown in Figure 5 , the optimum capacity of the ESS for a household using 250 kWh per month is approximately 7.15 kWh, and does not change, as the energy self-sufficiency varies between 70% and 90%. For households with an average power usage of 350 and 450 kWh, the optimum capacities of the ESS are 10.01 and 12.87 kWh, respectively. When energy self-sufficiency is set between 70% and 100%, hourly increases are generated as the capacity of the PVs decreases, resulting in a steady value for the capacity of the ESS.
With Equations (1)-(3) used to derive the optimum capacities of the PVs and ESS, a large range of errors were found. Further analyzation was conducted, and when the energy self-sufficiency increased from 70% to 94%, the capacity of the ESS was shown to be 267.74% of the capacity of the PVs at a whole range. The optimum capacity of the ESS must thus be set as 267.74% of the PVs capacity, to compensate for such errors. Therefore, as the energy self-sufficiency increased from 70% to 100%, the optimum capacity of the ESS also increased proportionally. Figure 6 shows the re-adjusted values of the ESS capacities as the energy self-sufficiency rate rises.
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Conclusions
Under the national policy, the PVs capacity is generally set to either 3 kW or 5 kW, regardless of the power usage pattern of each household or town. If a PVs with a capacity of 5 kW generates for an average of 3.6 h per day for a month, the generated power would be 540 kWh. If a PVs with a capacity of 3 kW generates under the same condition, the generated power would be 324 kWh. In both cases, there are households that do not fit into the system. To reduce such problems and enhance the economic feasibility of the system, a case study of 905 households was done to design the proper method of deriving the optimum capacity of PVs and ESSs that is proportional to the scale of the energy self-sufficiency of 70-90%.
Out of the 905 households in a rural farming area on the west coast of Korea, households that used an average of 250 kWh energy per month were chosen for the study, because these were the most abundant demographic. As obtaining the precise data for the number of sunless days and the exact dates of maximum/minimum energy usage is impossible, insolation data for the last 10 years achieved from Meteorological Administration Agency was used to calculate the optimum capacity of the PVs and ESSs for each household [20] . This was to prevent the decrease in economic feasibility due to the excessive capacity of the PVs and ESSs, or the decrease in energy self-sufficiency from a lack of adequate capacity. A visualization of the optimized capacity for PVs and ESSs, as the desired energy self-sufficiency changed from 70% to 93%, for a household consuming 250, 350, and 450 kWh per month, was made. The optimized capacities of the PVs and ESSs for a household consuming 250 Variation in the ESS capacity of 267.74% relative to the PV optimum with a 70-100% self-sufficiency.
Out of the 905 households in a rural farming area on the west coast of Korea, households that used an average of 250 kWh energy per month were chosen for the study, because these were the most abundant demographic. As obtaining the precise data for the number of sunless days and the exact dates of maximum/minimum energy usage is impossible, insolation data for the last 10 years achieved from Meteorological Administration Agency was used to calculate the optimum capacity of the PVs and ESSs for each household [20] . This was to prevent the decrease in economic feasibility due to the excessive capacity of the PVs and ESSs, or the decrease in energy self-sufficiency from a lack of adequate capacity. A visualization of the optimized capacity for PVs and ESSs, as the desired energy self-sufficiency changed from 70% to 93%, for a household consuming 250, 350, and 450 kWh per month, was made. The optimized capacities of the PVs and ESSs for a household consuming 250 kWh per month were 2.67 and 7.15 kW, respectively, when the generation time estimated from the insolation data was considered. The energy self-sufficiency could be increased by 90% if the load usage pattern was adjusted so that it would be positioned within the generation time, which would then result in the increase of the counter-traded power. This would help to create a system to decide the capacities of the PVs and ESSs, with high efficiency and economic feasibility. With the proposed method, the optimized capacity of the PVs and ESSs could be obtained for the desired energy self-sufficiency. However, when energy self-sufficiency was near 100%, an error would occur. For those cases, we suggest the concept of a distributed network and prosumer, so that households could cover for the shortage or surplus of electricity generated.
Generally, rural areas over the country show similar load patterns, because they tend to share a similar pattern of life. Therefore, this research would be compatible with rural areas around the nation [14] . However, the load patterns of rural areas would not have the exact match with other places, so the same approach should be taken for unknown load patterns. This research could then be expanded to the national scale. The result of applying the proposed method to other rural areas could be confirmed in our previous research on designing a carbon free renewable energy system [23] . This research would be a base project for a national project of establishing a future type of grid distributed network.
